We established a method for site-selective electronic structure analysis, using TEM-EELS under electron channeling (standing-wave) conditions and first-principles band calculations. In particular, we applied a self-modeling curve resolution (SMCR) technique to separate a set of experimental spectra into individual spectra of individual atomic sites. A case study is presented for Al-K ELNES in oxide ceramics, which shows spinel and garnet structures containing two types of Al sites.
Introduction
Recent advances in transmission electron microscopy (TEM) have enabled us to not only obtain atomic structures but also electronic structures of materials at localized areas. This has opened up a new field called analytical electron microscopy (AEM), which is now being combined with atomic scale imaging by scanning TEM (STEM), using a nanoprobe, a high luminance electron beam focused to a subnanometer diameter. Although such STEM-combined analytical techniques are promising, one main drawback is the radiation damage due to the high-density and high-energy electron illumination.
However, a clever method for atomic scale analysis has been developed that does not necessitate focusing of the electron beam onto the sample. It utilizes the symmetry of Bloch waves in crystalline materials, controlled by the relative orientation of the incident electron and the sample of interest (Bragg condition), where one can determine which atomic planes specific types of atoms occupy, mainly using energy dispersive X-ray (EDX) analysis attached to a TEM. 1) This well-known technique is called ALCHEMI (atom location by channeling enhanced micro-analysis). Similar analyses were shown to be feasible through electron energy-loss spectroscopy (EELS):
2) the different valence states of iron atoms occupying octahedral and tetrahedral sites in a cromite spinel were successfully demonstrated. 3) Since the first successful demonstration of such siteselective electronic structure analyses, however, few experimental attempts have been made, partly because the detector sensitivity and/or energy resolution were insufficient to obtain good EEL spectra and partly because the theoretical calculations of EEL spectra (energy loss near edge structure: ELNES) were not easily accessible to most experimentalists.
The present authors' group recently demonstrated that a combined technique of TEM-ELNES measurements under electron channeling conditions and first-principles theoretical calculations is very effective for site selective electronic structure analysis. 4, 5) In the present study, we further refine the technique using multivariate analysis, and demonstrate a case study of site-selective electronic structure analysis.
Methods

Sample preparation
Commercially Figs. 1(a) and (b) , respectively, where aluminum atoms occupy two kinds of cationic sites, namely, tetrahedral and octahedral sites. In NiAl 2 O 4 , the {800} planes containing the tetrahedral (Al tet ) or octahedral Al sites (Al oct ) are alternately stacked ABABABAB, whereas in YAG, the B-planes contain both tetrahedral and octahedral aluminum sites while the Aplanes contain only tetrahedral aluminum sites. Electron standing waves (Bloch waves) whose intensity maxima occur on either the A-or B-planes can be generated under the 400 Bragg condition with the excitation parameter, S, set as either positive or negative in both types of samples. In the present cases, the A-and B-planes are predominantly excited for positive and negative S, respectively. The experimental setup was described in Refs. 4) and 5) in more detail.
Al-K ELNES were recorded at room temperature, using a JEM-200CX TEM equipped with a Gatan parallel EEL spectrometer, Enfina 1000. The thickness of the selected areas was estimated from the equi-thickness contour and the Fourier-log method in EELS 7) to be 50-100 nm. The Kikuchi lines were clearly visible.
The entrance aperture of the EELS detector was placed away from the 000 spot (optic axis) parallel to the corresponding set of Kikuchi lines. This experimental setup enhances the electron localization and the site selectivity of the measurements, i.e., it enables us to detect the electrons passing closer to the core of the aluminum atoms at the specified sites. [1] [2] [3] However, the signal-to-noise ratio (S/N) decays rapidly, as the fourth power of the distance between the 000 spot and the entrance aperture. Thus, we optimized the entrance aperture position and the magnitude of the excitation error so as to maximize the site-selectivity. 8, 9) 
First-principles calculations of ELNES
Experimental ELNES were compared with theoretical ELNES calculated by the OLCAO (orthogonalized linear combination of atomic orbitals) band method with local approximation to the density functional theory. 10) Supercells containing 56 atoms and 80 atoms with one core-holed Al were used for NiAl 2 O 4 and YAG, respectively. Prior to the spectral calculations, the crystal parameters of the spinel and garnet were fully optimized by a different first principles procedure, the projected augmented-wave method 11, 12) to reduce computational cost. The detailed conditions used for the structural optimization are given in Ref. 4) . For the spectral calculations, transition probabilities of the Al-K shell excitations were calculated within the electric dipole approximation. They were integrated into the whole Brillouin zone of the supercell using a 2 Â 2 Â 2 k-point mesh. The final spectrum was broadened by a Gaussian function with a full width at half maximum (FWHM) of 1.0 eV. Partial density of states (PDOS) and overlap population (OP) diagrams were calculated using the same Gaussian broadening as the Al-K spectra. Interactions among atomic orbitals were expressed by OP analysis. The origin of ELNES peaks was interpreted by OP between the atomic orbitals, examples of which are discussed in detail by Mizoguchi et al. 13, 14) 
Results
Representative experimental Al-K ELNES profiles of NiAl 2 O 4 for positive and negative S are shown in Fig. 2 . The raw spectra are deconvolved with the Pixon algorithm for noise removal and energy-resolution improvement, 15, 16) as given by the solid lines. Comparing these spectra, we find that the peak around 1563 eV is enhanced for S > 0, and that the peak at around 1569 eV is dominant for S < 0.
The two kinds of experimental ELNES at the different sites are not completely separable due to the dynamical electron scattering (multiple scattering) and many-beam effects, and we applied self-modeling curve resolution (SMCR) to the present data sets, for extracting the spectral profiles of the individual components from a number of mixed spectra. This is one of the techniques in multivariate analysis, and we adopted a fast, accurate and robust algorithm, called the modified alternating least-squares (MALS) method. 17) We recorded a set of data ($10 spectra) for each sample as input to the MALS algorithm, by systematically varying S, each spectrum consisting of two kinds of ELNES with a different composition.
Al-K ELNES of NiAl 2 O 4 and YAG decomposed by the MALS algorithm are shown in Figs. 3(a) and (b) , and the corresponding theoretical ELNES are shown in 3(c) and 3(d), respectively. Comparison of the decomposed spectra with the theoretical ELNES and Fig. 2 reveals that the ELNES of the individual sites are successfully separated. Hence, site- Site-Selective Electronic Structure of Aluminum in Oxide Ceramics Obtained by TEM-EELS Analysisselective ELNES measurements are fulfilled, in the true sense of the word. One might conclude that the experimental Al tet -K ELNES of YAG ( Fig. 3(b) ) is not in such good agreement with the theoretical results, which is due to the multiple loss effect at the relatively thicker area.
Discussion
The difference in electronic structure between tetrahedral and octahedral sites in NiAl 2 O 4 has already been reported by Tatsumi et al. 4) Since the ELNES profiles of Al tet in the two crystal structures are similar except the relative intensities of the first sharp peak, we focus on the differences between the Al oct -K ELNES, whose spectral widths are clearly different. We reproduce the experimental and theoretical Al oct -K ELNES of NiAl 2 O 4 and YAG in Fig. 4 for better comparison (with the transition energy of the theoretical ELNES shifted). The overall trend in the spectral difference is captured quite well by the calculated spectra.
The Ã and O, so that these interactions do not affect the ELENS that much. As a result, Al oct Ã -K ELNES of NiAl 2 O 4 exhibits a broader profile than that of YAG, owing to the difference in the interaction between Al oct Ã and the second-shell cations.
Summary
We refined the method of site-selective EELS measurement, utilizing the electron standing wave method and the self-modeling curve resolution (SMCR) technique. As model cases, the K ELNES of aluminum occupying the tetrahedral or octahedral site in spinel-and garnet-type crystal structures were examined. We demonstrated that the Al-K ELNES of the individual sites were successfully separated. The difference in the spectral profiles of the aluminum atoms at the octahedral site in the two crystalline structures could be discussed on the basis of electronic structure analysis by firstprinciples band calculations.
We believe that the present study has established the method of site-selective electronic structure analysis in EELS. We are now ready to employ the present technique to tackle hitherto unexplored materials of higher complexity.
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